The rate of multiplication of a population of cultured human lung fibroblasts is determined by the level of common nutrients and serum factors in the medium. By application of the principles of Henri-Michaelis-Menten kinetic analysis to cell growth in vitro, the relationship between the level of a macromolecular fraction of serum that contains growth factors and the concentration of individual nutrient that is required to support a half-maximal rate of cell multiplication was explored. The requirement for the majority of individual nutrients is independent of the level of serum factors in the medium. This includes all 20 amino acids, glucose, purines, pyrimidines, polyamines, choline, and inositol. In contrast, serum factors determine the cellular requirement for Ca2+, K+, Mg2+, Pi, and 2-oxocarboxylic acids. These nutrients are most likely involved in cellular processes related to the mechanism by which growth factors in serum control the cell multiplication rate.
Serum-derived factors regulate the multiplication of untransformed cells in culture (1) (2) (3) (4) . Although much is known about the interaction of several purified growth factors with the cell membrane (5) (6) (7) (8) (9) (10) (11) , less is understood about how the factors cause the biochemical and morphological events that culminate in cell division. Several studies suggest a relationship between regulatory factors and extracellular nutrients in the control of cell division (12) (13) (14) (15) (16) . Observations on changes in uptake, intracellular pool sizes, and in rate of nutrient-related processes that occur parallel to changes in rate of DNA synthesis circumstantially implicate almost every major nutrient (15, 16) . Of primary concern is which of these changes are involved in control of cell multiplication and which changes occur parallel to DNA synthesis but are not causal processes whose rates limit multiplication (17) . Serum growth factors may control multiplication-limiting processes where nutrients are involved by control of the intracellular level of a nutrient around the Km for the nutrient in the rate-limiting process, or serum factors may alter the Km of the process for the nutrient whose normal level in the microenvironment is near the Km. Theoretically, both types of relationships could be reflected in an effect of serum factors on the extracellular requirement for a nutrient for multiplication of cells in culture, where extracellular levels of nutrients and serum factors can be closely controlled and manipulated. We have applied the principles that are used in classical enzyme kinetic analysis to simultaneously relate the level of serum factors and the level of individual nutrients in the medium directly to the multiplication rate of cells (18, 19) . The analysis revealed that serum factors modify the cellular requirement for a small subset of the nutrients commonly present in the extracellular environment. This subset consists of Ca2+, K+, Mg2+, Pi, and 2-oxocarboxylic acids. We propose that serum growth factors control cell proliferation by control of access to or requirement for specifically these nutrients in key cellular processes whose rates limit cell multiplication.
MATERIALS AND METHODS Cells. Normal human lung fibroblast-like (HLF) cell cultures WI-38 (ATCC CCL75), MRC-5 (ATCC CCL171), and Flow 2000 (lot no. 32103; Flow Laboratories, Inglewood, CA) were used at passage doubling levels 15-20. Assay Media and Culture Methods. All tissue culture methods and the development and preparation of the media series, MCDB 100, and fetal bovine serum proteins (FBSP) have been described (4, (20) (21) (22) (23) . FBSP was used as a complete source of factors that stimulate cell multiplication rate above that supported by the defined medium and other optimized culture conditions (4, (20) (21) (22) (23) . Multiplication rate in medium MCDB 107 is half-maximal at 43.4 + 10.2 ,gg of FBSP per ml (mean + SEM of six determinations).
Cell Multiplication and Determination of Kinetic Parameters. Clonal multiplication was estimated by densitometric measurement of the size of colonies formed from single cells as described (4, (20) (21) (22) (23) (25) . Lipids were analyzed as described (26 half-maximal rate of multiplication (Fig. 3) . The maximal rate of multiplication (R.) that is possible under the experimental condition can also be determined as indicated in Fig. 3 . In the present study,we determined the extracellular concentration (So.so) of each nutrient required to promote a half-maximal rate of multiplication for a series of different concentrations of FBSP in the medium. Fig. 4 illustrates the effect of three concentrations of FBSP on the SQ.50 for Ca2+. As the concentration of FBSP increases, the SO.Wo for Ca2+ decreases (Figs. 4 and 5a (Fig. 5b), pyruvic acid (Fig. 5c) , and lipids (data not shown). Other nutrients (class II) show a region where the requirement for multiplication is initially independent of FBSP and then exhibit an inverse relationship with it (Fig. 6) . Class II nutrients include Mg2+ (Fig. 6), Pi (Fig. 6) (Table 2) . Therefore, the inverse relationships between the level of FBSP in the medium and the requirement for Ca2+, K+, the 2-oxocarboxylic acids, and Mg2+ represent a change in the requirement for these nutrients in cellular processes rather than simple addition of nutrient to deficient medium by FBSP. At 1000 Ag/ml, FBSP contributes levels of total phosphate to the medium that overlap into the range of added Pi that affects multiplication rate at lower levels of FBSP ( Similarly, due to complexity of the multiplication response (ref.
29 and footnote :tin Table 1 ) and the lack of analytical data on the niacinamide content of FBSP, we can form no conclusion about a functional kinetic relationship between niacinamide and FBSP. However, the possibility of a functional kinetic relationship between macromolecular factors in FBSP and the above nutrients deserves further study in a more refined assay system.
DISCUSSION
Many studies provide convincing circumstantial evidence that nutrients control cellular processes whose end products or consequence control the multiplication rate of mammalian cells (12, 14, 17) . The control of access of nutrients to or requirement
for nutrients in such processes may constitute a mechanism by which mammalian cell multiplication is regulated by specific extracellular growth factors (13, 14, 16, 17, 30) . Therefore, it ) . Amino acids include all 20 common amino acids. Polyamines include putrescine, spermidine, and spermine. Purines include adenine, guanine, hypoxanthine, and their corresponding nucleosides and the deoxyribonucleosides. Pyrimidines include uridine, cytidine, deoxyribonucleosides, and thymidine. Medium MCDB 107 (23) contains 1 nM folinic acid, which facilitates the study of the effect of extracellular purines, pyrimidines, glycine, and serine (Fig. 7) on multiplication rate (20, 27) . t "Lipids" refer to the class I status of purified soybean phosphatidylcholine introduced in the form of vesicles or liposomes prepared by sonication (28 [S] " is the range of concentrations of individual nutrient added to deficient medium to determine the S0.50 for multiplication at different levels of FBSP between 100 and 1000 ug/ml. An abbreviated exponential notation is used in the table. "E" signifies "10 to the power"; thus 9.7E-7 means 9.7 X 10-7 M. t Data shown for pyruvic acid are from pyruvate-free medium MCDB 105 (4) after incubation with 1000 ,g of FBSP per ml for 12 days.
The medium content of other 2-oxocarboxylic acids is also below the range that would affect multiplication in deficient medium (25) .
"Total lipids" refer to the sum of the cholesterol (free and esterified), phospholipids, triglycerides, and free fatty acids present in the FBSP. The response range of added lipid is based on the observed multiplication response to sonicated phosphatidylcholine vesicles under optimal conditions (see Table 1 ).
On the other hand, the reduction in requirement for extracellular Ca2+, Mg2+, K+, Pi, and 2-oxocarboxylic acids that is caused by serum factors may reflect a reduced requirement for the nutrients in intracellular processes that limit multiplication. The concentration of the nutrients in the microenvironment of key processes may normally be constant. If this is the case, then it should be considered that serum growth factors and their "messengers" may control multiplication rate by modification of the affinity for Ca2 , Mg2+, K+, Pi, and 2-oxocarboxylic acids in processes whose consequence or end products limit multiplication. Alternatively, serum factors and their messengers may activate alternate pathways that bypass Ca2 -, Mg2+-, K+-, Pi-, or 2-oxocarboxylic acid-dependent processes in a chain of events that controls multiplication.
